and Infrastructure (NBDTI), continue to benefit from the successful use of induced trench 32 construction (Hansen et al. 2007 ). The purpose of this paper is to report the post 33 construction performance of several induced trench culverts installed in New Brunswick, 34 both indirectly, through field inspection reports, and directly, through earth pressure 35 measurements of instrumented structures. 36 37
Background 38
Induced trench installations include a zone of compressible material directly 39 above rigid culverts installed beneath high embankments. As the prism of soil directly 40 over the culvert settles relative to the adjacent embankment material, upward shear forces 41 are mobilized that reduce the vertical load transferred to the top of the culvert (positive 42 arching). In contrast, rigid culverts installed beneath embankments with no compressible 43 zone (positive projecting) experience higher earth pressures than the theoretical 44 D r a f t 4 overburden because the prism of soil directly above the culvert settles less than the 45 adjacent embankment material (negative arching). Fig. 1 shows the simplified 46 mechanisms of the induced trench and positive projecting conditions. 47
The induced trench method of construction, along with its theoretical basis, was 48 originally proposed by Marston (Marston and Anderson 1913; Marston 1930) and was 49 later developed by Spangler (Spangler 1950; Spangler and Handy 1973) . Since its 50 development, several shortcomings with the theory have been discussed in the literature 51 (e.g., Sladen and Oswell 1988; Scario 2003; Handy 2004) . In addition to shortcomings 52 related to the theoretical basis of induced trench method, questions of long-term 53 performance beyond 2-3 years still remained unaddressed. Of the case studies reported in 54 the literature, most deal only with performance up to the end of construction. In the few 55 studies that deal with post construction performance, only 2-3 years of data has been 56 presented. Vaslestad et al. (1993) instrumented and monitored three induced trench 57 installations (two circular culverts and one box culvert) and observed no load increase for 58 2-3 years following the completion of construction of the embankments. McAffee and 59 Valsangkar (2008) instrumented a circular induced trench culvert and observed no load 60 increase 2 years after the embankment was constructed to its full height. Another case of 61 good long-term performance is that of an uninstrumented twin culvert induced trench 62 installation which has performed well for over 35 years (Spangler 1966; McAffee 2005) . Valsangkar (2011), and Oshati et al. (2012) . These papers 72 also compare the short term monitoring data with those calculated using the Spangler theory, where appropriate, as well as numerical and centrifuge modelling 74 results. This paper reports the findings of field inspections and earth pressure 75 measurements of three of these instrumented structures, which have been in service for 4 76 to 9 years. This is discussed below as a direct assessment of post construction 77 performance. 78
79

Indirect assessment of performance: field inspections 80
Typical details of installations in New Brunswick 81
Over 100 induced trench culverts have been constructed in New Brunswick since 82
1991. This type of construction is typically used when fill heights above the top of the 83 culvert exceeds 10 m. The typical construction detail used by NBDTI for a single circular 84 culvert is shown in Fig.2 . The methodology is also used for reducing stresses on twin 85 circular and box culverts, although there is no standard detail. Hansen et al. 102 (2007) . 103
The 50 installations that were inspected had embankment fill heights ranging 104 from approximately 9 m to 32.5 m, and the inside pipe diameters ranged from 750 mm to 105 3000 mm. The height to outside diameter ratios varied from 3 to 13 and the period of case of twin culverts, in which two 1800 mm diameter pipes were utilized. The spacing 112 between these twin pipes was 1.6 B c and the embankment height was 13.5 m. The twin 113 D r a f t 7 culverts were designed as two individual single induced trench culverts (two 114 compressible zones) without accounting for any interaction between the two culverts. 115
Radial cracking of the inlet and outlet headwalls was the most commonly 116 observed damage. Circumferential cracking near the pipe joints was also noted in a few 117 of the installations. The circumferential cracks at the joint locations ranged from 5-10 cm 118 long hairline cracks, to cracks which almost extended along the entire inside 119 circumference of the pipe. As this type of cracking was noted in the vicinity of joints, it 120 was concluded that this damage was most likely caused due to overstressing of pipe joints 121 during installations or due to post construction differential settlement of the pipe sections. 122
Longitudinal cracking was observed at the springline level in only two pipe installations. 123
In one instance the length of these longitudinal cracks varied from 1 to 3.3 m at four 124 different locations approximately at the mid-sections of the longitudinal axis of the pipe. 125
In the second case, similar cracking was observed near the end sections of the culvert 126 where the height of embankment was less than the maximum height and the subject area 127 of culvert was outside the influence of compressible layer. The cause for cracking beyond 128 the influence of the compressible zone near the pipe ends may be attributed to differential 129 settlement along the length of the pipe due to differential loading conditions. 130
The inspections revealed that the culverts which were installed under the two 131 Table 3 . 155
The most common damage observed was radial cracks in the pipe headwalls at 156 the inlet and outlet of most of the culverts. This observation is similar to the one noted in 157 the 2001 inspections. 158 D r a f t 9 Circumferential cracks were found inside several of the inspected culverts. These 159 hairline types of cracks were generally in the order of 5 -10 cm long. In a few instances, 160 the circumferential cracks extended along the entire internal surface of the pipe. 161
However, these cracks were found to be close to the joints between pipe sections, as 162 observed in 2001 inspections. It was therefore inferred that the cause is likely to be 163 overstressing of pipes during pipe installation or post construction differential settlement 164 of the pipe sections. 165
Longitudinal hairline cracking was also noted in several culverts, but these cracks 166
were localized in nature and in only a few instances occurred beyond the influence of the 167 induced trench (i.e., in areas of lesser fill height near the embankment toe). 168
The twelve (12) 
222
Post construction monitoring results 223
Performance of the installation during and immediately after construction has 224 been reported by Parker et al. (2008) . Instrument readings are reported below for years 225 2006, 2011, 2013, and 2015. 226 As shown in at the end of construction. Since these increases pressures were also observed at the 241 crown on this date (and also at the Manzer Brook site, which will be discussed in Section 242 4.2), it is likely that the readings taken on this day are not reliable and are therefore not 243 included in the interpretation. One possible explanation for the higher observed lateral 244 pressures in PC-11 than PC-3 and PC-4 is that PC-11 is installed under the west bound 245 embankment which is 1.4 m higher than the east bound embankment. 246
The observed reduction in vertical earth pressures at the crown is also observed in 247 earth pressure cell (PC 6) located just above the compressible layer at elevation 72 m 248 (Fig. 7a) , which has experienced a 90% reduction and is currently measuring only 4% of 249 the theoretical overburden pressure. Thus, the observed data indicate additional arching is 250 occurring after the end of construction. It is also possible that localized arching directly 251 D r a f t The post construction contact pressures measured at the base are shown in Fig.  398 18. Since the end of construction, the average base contact pressures have decreased by 399 14 % from 302 kPa to 259 kPa. At the end of construction, the average base contact 400 pressure was 19% higher than the average roof pressure plus the pressure due to the dead 401 load of the structure due to downward shear forces on the sidewalls (Oshati et al. 2012) . 402
Four years later, the average contact pressures measured at the base are 45% higher than 403 the average roof pressure plus dead load pressure. 
